Chromatin prepared by brief digestion of nuclei with micrococcal nuclease, and extracted in 0.2 mM EDTA, appears in the electron microscope as filaments of about 100 X diameter which coil loosely. In 0.2 mM Mg++ these "nucleofilaments" condense into a supercoil or solenoidal structure of pitch about 110 A corresponding to the diameter of a nucleofilament. It is proposed that the x-ray reflections at orders of 110 A observed in chromatin originate in the spacing between turns of the solenoid rather than that between nucleosomes along the nucleofflament. Ihe solenoidal structure appears to need histone HI for its stabilization. Under certain conditions, isolated nucleosomes can also aggregate into a similar structure. The solenoidal structure can be correlated with the "thread" of diameter about 300 A observed by other workers in nuclei. The results of biochemical and other studies by various workers (1-4) led Kornberg to propose a model for the basic structure of chromatin (5). He suggested that it consists of a flexible chain of repeating structural units of about 100 A diameter ("beads"), each containing a stretch of DNA 200 base pairs long condensed around a protein core made out of eight histone molecules (two each of the four main types). These elementary units have been named "nucleosomes" (6). The physicochemical 'parameters for the model require that the nucleosomes are in close contact along the chain, and there is now good evidence from electron microscopy that this is the case (7, 8) . We call this close-packed chain a "nucleofilament." A recent study by low angle x-ray scattering of dilute solutions of chromatin, prepared without shearing, has given a mass per unit length consistent with nucleosomes densely packed along the length of a nucleofilament (9).
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Linear arrangements of beads in a partly extended form ("beads-on-a-string") were first reported by Olins and Olins (10) and Woodcock (11) in chromatin spilling out of nuclei lysed on the specimen grid, and made visible by negative or positive staining. This extended form of chromatin probably results from the shearing forces present during the nuclear explosion. A similar extended appearance is seen in the electron micrographs obtained by Oudet et al . from extracted chromatin, after removal of histone HI (6) . However, electron micrographs of small oligomers of beads prepared from nuclei by brief nuclease digestion showed a preference for the nucleosomes to be in contact (8) .
The nucleofilament can be correlated with the fairly uniform fibers or threads of 100 A diameter seen in the electron microscope in chromatin specimens prepared by critical point drying in the presence of chelating agents (4). However, specimens prepared in the absence of chelating agents show thicker fibers of about 250 A diameter (4, 12) , suggesting that chromatin is normally present in a higher level of organization that breaks down when divalent ions are removed. The appearance of the thinner fibers has been attributed to the unwinding of tertiary coiling (13, 14) or to the separation of two associated 100 A fibers (4, 14) . Another line of reasoning, based on x-ray studies and described below, also suggests that Kornberg's linear chain model only represents the first level of folding in chro-1897 matin and that nucleofilaments are normally organized in a higher level of folding.
In this paper we present evidence obtained with the electron microscope for a state of chromatin in which nucleofilaments are folded into supercoils or solenoidal structures of pitch about 110 A. In our experiments we have used chromatin prepared by a brief micrococcal nuclease digestion of nuclei, which is "native" in the sense that further nuclease digestion gives the same discrete pattern as does direct digestion of nuclei (15) . Chromatin prepared by methods that involve shearing does not give such clear digestion patterns. In the presence of chelating agents, this native chromatin appears as fairly uniform filaments of 100 A diameter, which are curly or loosely coiled. In the presence of Mg++ ions, tightly coiled forms of the nucleofilament are dominant, leading to a supercoil or solenoidal structure in which the pitch corresponds to the diameter of a nucleofilament.
MATERIALS AND METHODS
Chromatin was prepared from rat liver nuclei after brief micrococcal nuclease digestion, as described previously (15) , to give an average length of about 40 nucleosomes, with a range roughly from 10 to 100.
Samples from dilute solutions of chromatin in appropriate media (e.g., 0.2 mM EDTA or 0.2 mM MgCl2) were applied to carbon-coated grids and washed with the same medium. At the typical chromatin concentrations used, a solution containing 0.1 mM Mg++ is just sufficient to neutralize the phosphate groups. For negative staining, the grids were then washed with a few drops of 1% uranyl acetate, the excess being withdrawn onto a filter paper. For shadowing of freeze-etched specimens, the specimens were fixed by floating the support grid on a drop of 2% formaldehyde in the same solution for a few minutes and then were wasbed by floating on water. The specimens were then rapidly frozen in liquid nitrogen, dried on a Balzer's apparatus, and shadowed with platinum-carbon at an angle of 350, as described by Nermut (16) .
HI-depleted chromatin was prepared by treating chromatin prepared as above with 0.45 M or 0.6 M NaCI, and dialyzing against Tris buffer (5 mM Tris-acetate, 20 mM ammonium acetate, pH 6.8) after isolation on a sucrose gradient. Under these conditions, virtually all the histone Hi was removed with almost no concomitant loss of the other four histones (L. Lutter, unpublished work). results on low angle x-ray scattering from dilute solutions of this material in the same medium, which are consistent with the scattering from a uniform cylinder of about 100 A in diameter (9) .
RESULTS

Electron microscope observations
In a few instances (Fig. lb) Relation to x-ray diffraction studies X-ray diffraction patterns of chromatin generally show a series of diffraction maxima or bands, nominally at 110, 55, 37, 27, and 22 A, as originally described by Luzzati and Nicolaieff (19, 20) and by Wilkins et al. (3) . The pattern becomes sharper and emerges from the background as the concentration is raised, becoming distinct at concentrations higher than about 35% (wt/wt). X-ray studies on fibers of chromatin have shown these maxima to be oriented in the fiber direction (21). The slope of the striations is not consistent on all particles, probably because of distortion of the rather short particles, but there seems to be a preference for a left-handed helix. X 14Q,000. It would seem natural to associate this 110 A x-ray spacing with the diameter of a nucleosome (5), and a discussion of its origin in terms of the packing of 110 A spheres has recently been given (22) . However, the 110 A series of x-ray reflections cannot arise from the interval between nucleosomes along the nucleofilament direction, since the x-ray scattering curve in the region of spacings of 400-30 A from nucleofilaments in dilute solution in 0.2 mM EDTA (9) fits the theoretical curve for a continuous density rod, with no signs of peaks at 110 A or 55 A. This is consistent with the lack of contrast seen along the nucleofilaments in the electron micrographs described above. Instead, we propose that the 110 A spacing originates as a spacing between nucleofilaments organized in a higher level of folding. The (5, 24, 8) ; it is highly schematic, since the path or fold is not known.
centrifuge pellets of material that showed solenoidal structures in the electron microscope. Although only at concentrations of 25% (wt/wt) or less, this material gave the characteristic type of x-ray pattern consisting of bands at orders of I10 A; it showed more order than hitherto had been obtained, even at concentrations of 40% or over. This x-ray work will be described elsewhere (Sperling and Klug, in preparation), but briefly the character of the pattern is consistent with its arising from the turns of solenoids of low pitch angle. Indeed, our explanation for the x-ray pattern would be of the type originally proposed by Pardon and Wilkins, when they suggested their "supercoil" model for the DNA in chromatin (23) . However, the structure we propose is at a higher level of folding, the path of the supercoil now being followed by the nucleofilament rather than the double helix of DNA.
We thus interpret earlier x-ray studies carried out without control of the Mg++ concentration as follows. The regular periodicity in the x-ray patterns and its variation with increasing concentrations of chromatin results from the formation of solenoidal structures on the withdrawal of water. At low concentrations the nucleofilament tends to be extended, and as the concentration is raised, more or less stable turns of the solenoid are formed. On this picture there is no necessity for a constant spacing between turns, and one might expect a gradual decrease in this spacing and also an increase in order, as the solenoid tightens. In fact, the x-ray spacings decrease by about 10% as the chromatin concentration is increased from 30 to 50% (wt/wt) (Kornberg, Klug, and Sperling, unpublished work).
DISCUSSION
The solenoidal form of chromatin is represented schematically in Fig. 7 number are seen with a pitch angle large enough to correspond to a two-start helix, but as mentioned earlier, this appearance might arise by shearing of a simple helix.
Is there any evidence that the solenoidal structure actually exists in chromosomes, apart from the observations, referred to above, that "thick" (i.e., 250 A diameter) fibers can be extracted from nuclei? The best evidence comes from the work of Davies and his colleagues, who have shown the presence of thread-like units in condensed interphase chromosomes or chromatin bodies. These tend to line up in layers at the surface of the nucleus, and the monolayers from a wide range of species have an average width of about 300 A (25, 26) . Previously it was supposed that threads roughly 170 A in diameter were embedded in a matrix (27) , but the latest interpretation of the staining characteristics (25) is that an inner rich DNA-core of this diameter is surrounded by an outer shell of external diameter 280 A in which the protein-to-DNA ratio is higher. More recently it is suggested that the thread-like unit arises from some type of helical arrangement of the "beads-on-a-string" (28) .
It would seem natural to correlate this "superunit" thread (25) with our solenoidal model, and to take a value of about 300 A as an estimate for the outer diameter. Allowing for possibility of shrinkage in the specimens as prepared for the electron microscope, the solenoid in its native state would then have about six nucleosomes per turn of the helical coil. A bare nucleofilament consisting only of elementary nucleosomes wound into such a coil would leave a central hole of diameter about 100 A. Thus, the solenoidal structure observed does not represent the closest packing of nucleosomes. The closest packing of spheres wound into a helix leaving no hole down the center would have about 2.7 units per turn (29). Presumably in chromosomes, the central hole in a solenoid might well be occupied by histone Hi and some of the nonhistone proteins or other control elements. It has been suggested to us by Dr. F. H. C. Crick that this central hole might also accommodate some of the "naked" DNA shown to exist as a small proportion of the total DNA in chromosomes after removal of histone HI (30, 6) . This would be in accord with Davies' suggestion of a DNA-rich core to explain the preference for uranyl-lead stain to pick out the centers of the threads, although this preference might also be accounted for by occlusion of the stain in a cylindrical cavity whose walls would necessarily be coated by the DNA wrapping around the nucleofilament.
The packing or compaction ratio for the DNA along the length of a densely packed nucleofilament is about 7:1 (5), and when the nucleofilament itself is wound into a solenoid of the type suggested, this packing ratio will increase to about 40:1 in the direction of the solenoid axis. Higher packing ratios can of course by achieved by coiling the solenoidal form of the nucleofilament into yet another order of helix, or by arranging a number of solenoids to wind around each other. It has been pointed out (31) that the construction of a hierarchy of helices can be achieved in a neat way by allowing the DNA double helix to kink locally rather than bend or distort over stretches, just as postulated for the folding of the DNA on the nucleosome itself.
